Deformation mechanisms involving mass transport by stress driven diffusion influence a large number of technological problems. We study the formation of undulations on surfaces of stressed films at high temperature by exploring the deformation kinetics governed by volume and surface diffusion. A governing equation is derived that gives the amplitude change of such surfaces as a function of time. A parametric study is then carried out using a range of practically important input values of the film material properties. The results show that at the dominant instability wavelength, under low stress and high temperature conditions, the roughening is only caused by volume diffusion, while smoothing is only caused by surface diffusion. The results from the current model are compared to experimental observations reported in the literature for the roughening of metallic film surfaces under the low stress and high temperature conditions common in thermal barrier systems.
equation is derived that gives the amplitude change of such surfaces as a function of time. A parametric study is then carried out using a range of practically important input values of the film material properties. The results show that at the dominant instability wavelength, under low stress and high temperature conditions, the roughening is only caused by volume diffusion, while smoothing is only caused by surface diffusion. The results from the current model are compared to experimental observations reported in the literature for the roughening of metallic film surfaces under the low stress and high temperature conditions common in thermal barrier systems.
INTRODUCTION
Surface morphological instabilities driven by stresses have attracted considerable attention in the last two decades due to their importance in technology. The stability of a solid surface under stress was first addressed by Tiller and co-workers (Asaro & Tiller, 1972; Vasudev et al ., 1975) while analyzing the role of surface diffusion and surface dissolution -condensation through an adjoining liquid in stress corrosion cracking. The chemical potential gradient driving the mass transport processes was assumed to be arising from the stress variation along the surface and the surface curvature. In their analysis, however, volume diffusion by a vacancy mechanism was neglected since it was believed to be slow at typical temperatures encountered for stress-corrosion cracking. Similar stability analysis was done independently by Grinfeld (1993) and Srolovitz (1989) . The problem of a stressed solid surface (or surface-vapor interface) becoming unstable at high temperature was later observed during thin film growth and annealing (LeGoues et al ., 1990; Jesson et al ., 1993;  Ozkan et al ., 1997; Gao & Nix, 1999) . Such instabilities were analyzed based on the surface diffusion mechanism driven by gradients in surface chemical potential (Bruinsma & Zangwill, 1987; Spencer et al ., 1991; Gao, 1994; Freund & Jonsdottir, 1993; Freund, 1995; Colin et al ., 1998) , an approach same as that of Tiller and co-workers (Asaro & Tiller, 1972; Vasudev et al ., 1975) , and Grinfeld (1993) and Srolovitz (1989) .
Although surface diffusion is an important kinetic process, there could be other kinetic processes affecting the evolution of stressed surfaces. One possibility at high temperatures is the diffusion of atoms through the bulk. The chemical potential gradient driving this volume diffusion would arise due to capillarity (Mullins, 1963) and stress variations in the bulk produced by the sinusoidal surface morphology.
Note that for unstressed solid surfaces, capillarity-induced volume fluxes, along with surface diffusion, has been used to predict the decay of surface corrugations by Blakely and coworkers (Blakely & Mykura, 1962; Maiya & Blakely, 1965 , 1967 Olson et al ., 1972; Keefee et al ., 1994) and others (Gjostein & Bonzel, 1968; Liau & Zeiger, 1990 A simple analysis of the evolution of stressed sinusoidal surfaces of small amplitude is presented in this paper by taking into account: (i) surface diffusion driven by gradients in chemical potential along the solid surface, (ii) volume diffusion driven by stress variation along the sinusoidal surface, and (iii) volume diffusion driven by capillarity. The governing equations are obtained, followed by a parametric study to reveal the relative importance of the surface and volume diffusion terms. Although this analysis is general, we will compare the model predictions with the waviness formation observed in metallic films of thermal barrier systems (Panat et al ., 2003a) .
ANALYSIS
Consider a sinusoidal surface of a film over a substrate as shown in Fig. 1 . The system is assumed infinitely thick in the 'z' direction, so that a plain strain condition exists throughout. The perturbation on the film surface (referred to from here as the solid surface) is assumed to take the form,
where a is the perturbation amplitude, and ω = 2π/λ is the frequency with λ being the perturbation wavelength. An arbitrary solid surface profile can be represented by a Fourier series of such sinusoidal perturbations. The perturbation amplitude of the film surface is assumed to be small compared to its thickness, so that the film can be taken to be infinitely thick while computing the fluxes near the free surface.
The slope of the film surface is also assumed to be small, implying , where s is a vector along the film surface. Furthermore, the flux at the interface between the film and substrate is assumed to be negligible.
A remote stress σ ∞ is applied to the film parallel to the x axis. This stress can arise as a result of differential expansion (or contraction) of the film with the substrate due to thermal expansion mismatch, phase transformations, or defects during deposition (Thouless, 1995; Chen et al ., 2003; Zhang et al ., 2003) . We denote σ ∞ positive if compressive. The stress along the solid surface is altered compared to the bulk of the film as a result of the surface perturbation and is given as (Asaro & Tiller, 1972; Vasudev et al ., 1975; Gao, 1991a,b) ,
The second term on the RHS of Eq. 2 represents the change in the stress at the solid surface due to the sinusoidal surface geometry. The chemical potential, χ, along the surface of the wavy solid, is (Asaro & Tiller, 1972; Freund, 1995) ,
where κ is the solid surface curvature, Ω is the atomic volume, U is the elastic strain energy per unit volume on the solid surface, and γ is the solid surface energy per unit area, assumed to be isotropic.
The strain energy density at the surface, U , is given by,
where G is the shear modulus. In writing Eq. 4, the higher order terms of aω are neglected as a result of the small slope assumption. If the film in Fig. 1 was not attached to the substrate and free to move, the wavelength, λ, would be a function of time. For a film attached to the substrate, however, it is reasonable to assume that planes remain as planes in the film during surface evolution (Thouless, 1993) . In such a case, h(x, t) = a(t) cos(ωx), i.e., the fluctuation amplitude alone varies with time.
The chemical potential change along the surface drives atom diffusion, giving rise to a flux along the surface (Fig. 2 , also see Asaro & Tiller (1972) ),
where D s is the surface self-diffusivity, C s is the number of diffusing atoms per unit area, k is the Boltzman's constant, and T is the absolute temperature. If the diffusion is occurring at metal-oxide interface, C s Ω is replaced by δ, the effective thickness through which the interfacial diffusion occurs, D s is replaced by D i , the interface self diffusivity of the metal atoms, and γ is replaced by γ i , the sum of interfacial and the oxide surface energies.
A gradient in the vacancy concentration arises at right angles to the surface due to surface curvature (Mullins, 1963) . The fraction of concentration of vacancies in the solid is then given by (Mullins, 1963) ,
where C v is the fraction of concentration of vacancies in the solid in equilibrium with a flat surface. While writing Eq. 6, it is assumed that the vacancy volume is same as the atomic volume (Mullins, 1963; Blakely & Mykura, 1962) . The concentration gradient in the vacancies will result in a vacancy flux at the film surface ( Fig. 2) ,
where D v is the vacancy self-diffusivity. Note that for most metals, the product,
in the current analysis. While writing Eq. 7, the gradient of vacancy concentration normal to the surface is approximated as ∂[C(x, y)/Ω]/∂y, and computed at y = 0 due to the small slope assumption (Mullins, 1963) . Equation 7 implies that there is a net flux of the solid atoms from crests to the troughs (Fig. 2) as a result of a net flux of vacancies from troughs to crests. Thus, the vacancy flux given by Eq. 7 tends to "flatten" the surface profile.
A volume diffusive flux can also be driven by a variation of stress along the surface (see Eq. 2). The stress at the crests is relaxed, while it is amplified at the troughs. The atoms on the troughs have a higher chemical potential compared to that on the crests.
This process is analogous to diffusional creep of grains in a polycrystalline material (Shewmon, 1989) 
The gradient of σ x along y axis will give rise to the volume fluxes shown in Fig. 2 .
We compute the diffusive flux from the chemical potential gradient due to variation of σ x (x, y) normal to the surface; a process similar to diffusional creep (Shewmon, 1989) , as,
Note that the crests will experience a flux of atoms along the positive y axis and vice versa. This flux will tend to roughen the surface for compressive remote stress.
All mass transport processes mentioned above are assumed to take place in the region close to the surface and hence the volume flux at the surface can be used to compute the velocity of the surface as shown in Fig. 3 . Conservation of mass at a surface element (Fig. 3) gives the normal velocity,
The rate of change of fluctuation amplitude can then be computed from the definition of h(x, t), along with Eqs. 5, 7 and 9, as (Shewmon, 1989 ) during creep of a polycrystalline material. The rate of the amplitude increase per unit amplitude ((1/a)(da/dt)) in the present problem is thus analogous to the creep strain rate.
The second and the fourth terms in Eq. 11 represent the tendency of the sinusoidal surface to flatten. In absence of remote stress, we go back to the case described by Mullins (1963) where the surface always flattens through diffusion at high tempera- 
RESULTS AND DISCUSSION
We start by analyzing Eq. 11 for constant temperature as applied in various experimental studies of surface evolution of stressed (Ozkan et The normalized amplitude change of the film a(t)/a • as a function of wavelength λ from Eq. 12 is plotted in Fig. 4a . The plot reveals different rates of amplitude change for perturbations of different wavelengths. For surface undulations with wavelengths less than a critical value, λ cr (Fig. 4a) , the amplitude decreases with time. This value is about 15 µm in the present case. It can be seen that in this region (λ < λ cr ), the logarithm of amplitude ratio is negative, i.e., amplitude decreases rapidly as the wavelength of waviness decreases. On the other hand, undulations with wavelength greater than λ cr increase in amplitude at varying relative rates with time. The result also shows that the maximum amplitude change occurs at a wavelength, λ max (Fig.   4a ), of about 21 µm in the present case. The components with wavelengths close to this peak point grow faster than components of other wavelengths. The evolution of the film described by Fig. 4a is qualitatively similar to that if we consider surface diffusion alone as shown in Fig. 4b should be relatively independent of the initial surface features and be dominated by wavelengths close to λ max . For the material parameters used to obtain Fig. 4 , the contribution to roughening by the first term of Eq. 11 is negligible compared to the third term at λ max . Also, at λ max , the contribution to smoothing of perturbations by the fourth term of Eq. 11 is negligible compared to the second term. Thus, at the dominant instability wavelength for the material parameters considered, the only destabilizing mechanism for the surface perturbations is volume diffusion, while the only stabilizing mechanism is surface diffusion. Under these conditions, 
. This is due to the fact that the λ max predicted by surface diffusion alone in Eq. 11 decreases faster with stress (proportional to σ 2 ∞ ) compared to that predicted by volume diffusion alone (proportional to σ ∞ ). Results similar to those in Fig. 5 are plotted in Fig. 6 for low (Fig. 6a) and high (Fig. 6b ) stress values. In Fig. 6a , the inclusion of volume diffusion terms has considerable effect on the value of λ max ('y' axis has a logarithmic scale) when the film remote stress is low. At high stress levels in GPa range, though (Fig. 6b) , the effect of volume diffusion would be insignificant. The neglect of volume diffusion terms in Eq. 12 while analyzing the epitaxial thin film roughening problems (Freund & Jonsdottir, 1993; Freund, 1995) is thus justified for practical ranges of material properties. Further, the range of dominant film wavelengths seen in The film roughening behavior described in the current analysis (Eq. 11) is sensitive to the sign of the remote stress, unlike that predicted by considering surface diffusion alone (Asaro & Tiller, 1972; Bruinsma & Zangwill, 1987; Srolovitz, 1989; Spencer et al ., 1991; Freund & Jonsdottir, 1993; Grinfeld, 1993; Freund, 1995; Colin et al ., 1998) . For compressive remote stress (Figs. 4, 5, and 6) , the volume diffusion driven by the remote stress tends to roughen the film surface, while that due to surface tension (i.e. γ) tends to smooth out the perturbations. For tensile remote stress, however, both of the volume diffusion mechanisms flatten the surface perturbations (see Eq.
11). At a low tensile stress, volume diffusion and hence this effect is dominant.
As the tensile stress is increased, roughening due to surface diffusion increasingly dominates over flattening due to volume diffusion. Fig. 7 illustrates such a behavior at low (Fig. 7a) and high (Fig. 7b) film tensile stress levels. Note that all the other parameters used to plot Figs. 7 are similar to those used while plotting Fig. 4 . Thus, the current model suggests that films under low tensile stress will have no tendency to roughen, while films under high tensile or compressive stress would tend to show surface roughening.
COMPARISON WITH EXPERIMENTS
Recently Panat et al . (2003a) conducted annealing experiments on nickel aluminide films on a Ni-based superalloy (René N5) substrate. These coatings are used as thermal barriers in jet engines and gas turbines (Goward, 1998) . Panat et al . (2003a) observed that nominally flat surfaces of these coatings "rumple", or roughen, to form surface undulations. Figure 8 shows such a surface after an anneal of about 25 hours at 1200
• C in vacuum. The wavelength of the surface undulations of these films was of the order of 50 µm. A Rutherford Backscattering Spectroscopy (RBS)
analysis of the surfaces of these films indicated that no segregation of either Ni or Al occurred. Further, calculations indicate that the contribution to the roughening process via evaporation of the metal elements at high temperature is negligible. Thus mass transport via surface and volume diffusion driven by the stress in the film is likely to be the mass transport mechanism in roughening of these films (Fig. 8) . Note that the chemical compositions of these films evolved during the anneal. Initially, the film surface consisted of Ni, Al, Co and Cr, while after the anneal, the RBS analysis showed that the surface consisted of W (< 2 at %), in addition of the Ni, Al, Co and
Cr. We believe that the additional W results from interdiffusion between the film and substrate.
The Note that the film surfaces form high diffusivity paths for diffusion when com-pared to the bulk (Shewmon, 1989) . At the same time, the grain boundaries in polycrystalline films can also become high diffusivity paths compared to the bulk under certain conditions. Such effects have been observed in Cu thin films (Weiss et al ., 2001 ) and in films of thermal barrier systems (Panat et al ., 2003a) . However, the effect of grain boundary diffusion on surface evolution decreases as the temperature is increased since the activation energy for grain boundary diffusion is less than that for bulk diffusion. The decreasing importance of grain boundary diffusion with increasing temperature has been observed by Panat et al . (2003a) in polycrystalline nickel aluminide films of thermal barrier systems.
CONCLUSIONS
In this paper we present a simple analysis describing the evolution of sinusoidal surfaces of stressed films by considering the diffusion of atoms through the film volume and along the film surface. The volume diffusion is shown to be influential at relatively low stress levels (tens of MPa) typically encountered in films in thermal barrier systems, while is not important at high stress levels (in GPa range) typically encountered in thin film technology. Other factors influencing the relative importance of volume diffusion are the ratio of the volume self diffusivity to the product of the surface self diffusivity with the surface defect concentration. The inclusion of volume diffusion terms in the stability analysis implies a different behavior of the film surfaces under a tensile and a compressive stress. This effect is however shown to affect the stability only at low stress levels. The current study shows that at the dominant instability wavelength and under low stress and high temperature conditions, the only important destabilizing mechanism is volume diffusion, while the only important stabilizing mechanism is surface diffusion. The current model explains the surface instabilities reported for films of thermal barrier systems reasonably well.
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